(I) Introduction
Teeth are vital for survival, and therefore the presence of a protective sensory innervation is of great importance.
During normal development, teeth acquire a sensory innervation from the trigeminal ganglion (TG) through a series of steps which occur in a strictly controlled pattern. The neurons forming the TG are evident and extend neurites at an early stage in embryonic development, and most of these neurons innervate their target territories shortly thereafter (Lumsden, 1988) . With respect to the teeth, however, the formation of terminal branches is delayed until post-natal stages, and this event is coordinated with the developmental maturation of the teeth. In mammals, the shift from the primary to the permanent dentition necessitates a second period of de novo innervation of a new and larger set of teeth from local nerves in the jaws at a very late stage in post-natal development (see Fried and Hildebrand, 1981a,b) . In some non-mammalian vertebrates, the teeth are continually replaced. This implies that tooth nerves establish new dental terminals repeatedly throughout life.
As seen from these considerations, teeth and tooth nerves form a highly plastic system. It seems that the growth and establishment of nerve terminals in relation to teeth are controlled by local molecular signals. Furthermore, since the sensory innervation of the teeth is highly specific, the signals involved in the regulation of axon growth to teeth must be selective in terms of sensory modalities. Thus, the sensory innervation of the mature tooth pulp includes nociceptive axons only, and there is evidence that nociceptive pulpal neurons have certain unique properties which are not found in nociceptive neurons in general, e.g., those projecting to the skin. The sensory axons innervating the periodontal ligaments mediate nociception and proprioception (see Hildebrand et al., 1995) . It is noteworthy that the nerve trunks, which emit axons to the teeth, also contain axons which project to skin and mucous membranes and which mediate a variety of modalities.
The relation between developing teeth and nerve fibers has been extensively reviewed elsewhere (Byers, 1984; Chiego, 1995; Hildebrand et al., 1995) and will be commented upon only briefly here. The main purpose of this review is to discuss recent data on molecular factors which seem to be involved in the regulation of nerve growth to teeth during normal development. During the past decade, the use of molecular biology techniques to elucidate issues related to odontogenesis has significantly increased our understanding of the epithelial-mes318Crit Rev Oral Biol Med (2000) enchymal interactions that underlie the formation and patterning of teeth (Sharpe, 1995; Thesleff and Nieminen, 1996) . Interestingly, many genes and gene products known to be crucial for the development of neurons and glial cells are also expressed by odontogenic cells. Hence, it seems that some molecular factors may have multiple roles during development, participating in organogenesis as well as in the innervation process. This might, to some extent, reflect the fact that the cells of the dental pulp have a nervous origin, i.e., the neural crest.
(II) Epithelial-Mesenchymal Interactions Orchestrate Tooth Formation
Teeth develop through sequential and reciprocal interactionis between the oral epithelium and neural-crestderived ectomesenchyme. Through three phases-initiationi morphogenesis, and differentiation (Kollar and Lumsden, 1979 )-these interactions initiate the tooth primordium and change it into a complex organ composed of a variety of specialized cell types. The earliest sign of tooth formation is a local thickening of the epithelium covering part of the mandibular and maxillary processes.
Subsequently, a bud extends from the epithelial thickening into the underlying tissue, and the surrounding mesenchvmal cells undergo condensation around it. These mesenchymal cells migrate to the rrandibular and maxillarN processes from the neural crest of the midbrain (Imai et oi., 19Q96; Korntges and Lumsden, 1996) .
In recombination experiments with mammalian tissue, neural-(crest-derived, but not mesodermal, mesenchymal cells can form teeth when combined with dental epithelium in itro (Liimsden, 1987 (Liimsden, , 1988 . Foregut endodermal cells mav also participate in this process (Imai et al., 1998) . The next developmental stage, the cap stage, involves the initiation of cuspal morphogenesis, and during the subsequent bell stage, the shape of the tooth is determined, and ameloblasts andc odontoblasts start producing enamel and derntin, respectivelv. Until recently, the cascade of regulatory events governing this process was largely unknown. However, the past decade has witnessed a marked increase in the understanding of the molecular signaling underlying odontogenesis It appears that the cencerted action of severai homeobox genes regulates tooth type and tooth pattern ing. Signaling molecules of the Sonic hedgehog (Shh), Fibroblast growth factor (FGF), Bone morphogenetic protein (BMP), and Wingless (Wnt) types are involved in the initial stages of odontogenesis. Transcription factors activated bv these molecules are needed for proper tooth development (see Thesleff and Sharpe, 1997 Pearson, 1977; Kollar and Lumsden, 1979; Lumsden and Buchanan, 1986) , there is no unequivocal evidence that local nerve fibers influence odontogenesis and/or dental patterning in mammals. Nerve fibers reach the maxillary and mandibular processes early during development, long before morphological signs of tooth formation are discernible (Fried and Hildebrand, 1982) . The early axons have a close spatial relation to prospective sites of tooth formation (Mohamed and Atkinson, 1983) . In the mouse, the TG forms around embryonic day 9 (E9; Lumsden, 1982 Lumsden, , 1987 Lumsden, , 1988 , and placode-derived trigeminal neurons develop and emit processes slightly before neural-crest-derived neurons (Purves and Lichtman, 1985; Stainier and Gilbert, 1991) . This coincides with the time when the oral epithelium achieves a potential for tooth formation (Mina and Kollar, 1987; Lumsden, 1988) and precedes the formation of a dental lamina (Lumsden, 1982 (Glasstone, 1967; Thesleff, 1976; Lumsden and Buchanan, 1986) . This finding has promoted the view that trigeminal axons do not influence tooth initiation.
Analysis of recent data indicates that tooth germ patterning is controlled via homeobox genes in local ectomesenchymal cells (Sharpe, 1995; Tucker et al., 1998) . In mouse embryos, this occurs around EIO.5 in areas containing trigeminal axons. Thus, with respect to spatial relations, the possibility that nerve fibers participate in the initiation of odontogenesis in mammals cannot be ruled out. In this context, it is of interest to note that local nerve fibers have a major influence on tooth initiation in the polyphydont teleost Tilapia mariae. In this cichlid, the teeth in the lower jaw are continuously generated. They erupt, enter a functional period, and are shed during a period of about 100 days (Tuisku and Hildebrand, 1994) . After denervation, initiated but unerupted tooth primordia continue to develop in a seemingly normal pattern. However, no replacement teeth are formed underneath. As a result, tooth turnover ceases about 100 days after denervation (Tuisku and Hildebrand, 1994 (Luukko et al., 1997b) , the intermediate filament nestin mRNA and protein (Terling et al., 1996) , S-100 protein (Christensen et al., 1993; Moiseiwitsch et al., 1998) , tachykinin precursor and tachykinin receptor mRNA (Weil et al., 1995) , calcitonin gene-related peptide (CGRP)-receptor mRNA (Uddman et al., 1999) , protein gene-product 9.5 (PGP 9.5) (Christensen et al., 1993; Fristad et al., 1994) , and neurotensin protein (Bhatnagar et al., 1995) . It may be argued that these neural-like traits represent atavisms, serving no important function in the tooth. However, it appears more likely that these molecules have significant roles in pulpal biology. For example, neuropeptides released from early dental axons could stimulate cell growth, since tachykinins and CGRP are mitogenic for pulpal fibroblasts (Bongenhielm et al., 1995; Trantor et al., 1995) . In this context, it deserves mentioning that certain cells, which initially are adjacent to the dental epithelium on the buccal part of the tooth germ and then appear in the developing tooth germ mesenchyme, display a morphology reminiscent of neurons. These cells tend to be arranged in clusters, they have long neurite-like extensions, and they express factors considered specific for peripheral neurons, such as peripherin, LI neural cell adhesion molecule, and neurofilament light chain (Luukko et al., 1997b) . This observation has led to the suggestion that the neuron-like cells, which might derive from the trigeminal placode (see above), could initiate tooth formation (Luukko et a!., 1997b) . If so, local neural elements would influence odontogenesis in mammals without participation of the main trigeminal nerve trunks.
(IV) Tooth Development and Ingrowth of Pulpal Axons are Coordinated
As discussed above, trigeminal axons are present in the maxillary and mandibular processes before any structural signs of tooth formation are detectable. When the first epithelial changes occur in areas where dental ridges will form (Lefkowitz et al., 1953) , axons are present nearby, but they do not seem to terminate at sites of prospective tooth formation. As the dental epithelium thickens and the underlying mesenchyme undergoes condensation, axon sprouts grow toward the mesenchyme and continue to the epithelium as lingual and buccal branches (Luukko, 1997) . During the late bud stage and early cap stage, some axons transiently reach the basal lamina of the dental epithelium (Luukko, 1997) . In the cap stage, tooth primordia local axons form a plexus at the base of the primitive dental papilla and come into contact with the dental follicle. Sensory axons first enter the dental pulp in the late bell stage, at the onset of enamel formation (Pearson, 1977; Kollar and Lumsden, 1979; Lumsden, 1982; Mohamed and Atkinson, 1983; Tsuzuki and Kitamura, 1991; Fristad et al., 1994) . With respect to the first molar in rats and mice, this corresponds to P4-5. During subsequent mineralization, crown and root formation, and tooth eruption, the population of sensory pulpal axons develops rapidly. When a tooth becomes functional, subodontoblastic, odontoblastic, and predentinal axonal networks have formed, and axons are present in cuspal dentinal canals (Byers, 1980) . Other sensory axons are associated with pulpal blood vessels (Byers, 1980; Mohamed and Atkinson, 1983; Fristad et al., 1994) . The establishment of a pulpal innervation occurs pari passu with tooth development. Hence, nerve fiber ingrowth is faster in rapidly differentiating rodent teeth than in slowly developing human teeth. Similarly, rapidly erupting primary teeth become innervated more quickly than do slower permanent teeth (Fried and Hildebrand, 1981a,b) . The teeth in the mutant osteopetrotic (op/op) mouse become innervated in spite of the presence of bone abnormalities and failure of root formation (Nagahama et al., 1998).
(V) Axons Shift from Primary to Permanent Teeth during Mammalian Odontogenesis
In diphyodont mammals, the establishment of a primary dentition is followed by shedding and formation of a larger permanent dentition. This involves a profound local remodeling of the pulpal axons. As resorption of a primary tooth progresses, the pulpal axons degenerate and disappear (Karlsson et al., 1974; Fried and Hildebrand, 198 lb) . The axons involved withdraw from the resorbing primary tooth and emit sprouts to the emerging permanent replacement tooth. Thus, an individual axon may transiently innervate both a primary tooth pulp and its permanent successor (Brenan, 1986) . Available evidence indicates that this de-and regenerative process is restricted to the terminal segments of tooth-related axons, and does not involve stem axons in major maxillary or mandibular trigeminal nerve branches (see Hildebrand et al., 1995) .
The molecular signals which regulate the de-and regeneration of pulpal axons during this important developmental event remain unknown. It appears likely that primary pulpal axon degeneration is elicited by molecular factors released from the pulpal cells during root resorption, perhaps in response to the accompanying local inflammatory changes. The collateral sprouting and ingrowth of axons into permanent tooth pulps could be controlled by molecular cues similar to those involved in the regulation of axon growth to primary tooth pulps. The de-and regenerative processes affecting teeth and axons in relation to the primary/permanent shift occur in a precise and orderly fashion. It is likely that the different events are interconnected so that eruption of a permanent tooth elicits resorption and shedding of the corresponding primary tooth, with neural changes occurring in response to this re-organization.
(VI) Pulpal Axons Deteriorate during Aging Mammalian spinal roots and peripheral nerves exhibit a variety of degenerative alterations during aging, with accompanying functional deficiencies (see Fried and Hildebrand, 1982; Berthold et al., 1983; Johansson et al., 1996; Karlsson and Hildebrand, 1996) . Obviously, this might be due to an intrinsic aging of neurons and/or glial cells or to vascular changes. An alternative view is that the aberrations are caused by repetitive mechanical injuries to the peripheral nerves. Further, age-related changes may appear in the peripheral target, which could reduce the supply of trophic molecules on which nerve cells depend.
As a result of secondary dentin formation, tooth loss, and tooth pathology, the target area of dental nerves shrinks with age. This is accompanied by marked pathological-like changes in the inferior alveolar nerve (IAN). The age-related changes seen in the IAN of cats (Fried and Hildebrand, 1982; Fried, 1987) and rats (Johansson et al., 1996) are similar to alterations caused by target deprivation at other sites. The cutaneous axons which run together with the dental axons in the mandibular canal and form the mental nerve show fewer age-related alterations (Fried, 1984 (Fried, , 1987 Johansson et al,, 1996) . This finding supports the hypothesis that the profound age-related changes exhibited by the IAN are related to deterioration of the dentition rather than to intrinsic aging or mechanical influences. To what extent the nerve fiber alterations occurring in the old IAN are elicited by changes in the supply of tooth-derived molecular factors remains to be determined.
Another interesting issue is whether nociceptive tooth-related axons, which have been deprived of their target through tooth loss or tooth pathology, are plastic and shift to other targets such as, e.g., the oral mucosa or the skin. Finally, changes at target level may cause transganglionic degenerative alterations in the CNS terminals of the involved neurons. Such changes occur after experimental pulpectomies or tooth extractions, and similar alterations are seen in the brain stern trigeminal nuclei of young cats undergoing spontaneous shedding of the primary teeth (Westrum and Canfield, 1979 (Davies et al., 1987; Lefebvre et al, 1990; Ibanhez et al., 1993; see Snider, 1994 , for review). These proteins control neuronal survival, guidance of nerve processes, regulation of innervation density, and modulation of neuronal metabolic processes, including transmitter synthesis. Following a reduction in the supply of neurotrophins from targets to neurons through axotomy or target deprival, the affected neurons undergo atrophy and may eventually die (Lieberman, 1971 Barbacid, 1995) .
The actions of neurotrophins are mediated by highaffinity receptors and one low-affinity receptor (see Chao, 1992) . The high-affinity receptors include tyrosine kinase receptor A (trkA), trkB, and trkC, which have an intracellular domain with enzymatic activity. NGF binds to trkA, BDNF and NT-4/5 can bind to trkB, and the biological effects of NT-3 are mediated by trkC, although NT-3 also has affinity for trkA and trkB. Truncated forms of trkB and trkC lacking the intracellular enzymatic domain have also been found (Klein et al., 1990; Middlemas et al., 1991; Tsoulfas et al., 1993; Valenzuela et al, 1993) . The truncated forms may be involved in adhesion or signaling via other pathways (Zhou et al., 1997) . In addition, all four neurotrophins can also bind to a low-affinity receptor (LANR, also known as p75), which belongs to the tumor necrosis factor receptor superfamily. LANR was previously thought to be unable to mediate neurotrophin signaling on its own, but was assumed to be needed to aid the trk receptors (Hempstead et al., 1991; Maliartchouk and Saragovi, 1997) . However, recent studies seem to indicate an independent role for LANR in apoptosis of cells of neural lineage (Rabizadeh et al., 1993; Carter et l., 1996) .
Glial cell-line-derived neurotrophic factor (GDNF), neurturin (NTN), persephin (PSP), and artemin form another family of neurotrophic factors that belongs to the transforming growth factor-f superfamily (Lin et al), 1993; Kotzbauer et al., 1996; Baloh et al., 1998 Enokido et al 1998 laszai et al., 1998; Milbrandt et al., 1998 (Trupp et al, 1995 , Treanor et al, 1996 . NTN signaling is similar to GDNF signaling (Trupp et al., 1996 , Creedon et al, 1997 , Klein et al, 1997 Masure et al., 1998) and GFRx-4 (Enokido et al., 1998 ). Artemin appears to be a ligand for the receptor complex
GFRix-3-RET (Baloh et a.l, 1998) , and persephin for the GFRox-4-RET complex (Enokido et al., 1998) . Different primary sensory neuron types depend on different neurotrophins. In addition, neurotrophin dependency changes during development (Davies, 1997) . influences the survival of TG neuron precursors (Elshamy and Ernfors, 1996, Wilkinson et al., 1996) . When the first trigeminal axons reach their cutaneous targets (E10.5-EI I in mouse), the parent neurons become dependent on BDNF or NT-3, but not NT-4 (Davies, 1997) . During the period of neuronal apoptosis, which in the mouse occurs at E13-E18 (Davies, 1988) , the neurons require increasing amounts of NGF for survival. During the subsequent maturation, the sensory neurons are less dependent on neurotrophins, but they need neurotrophins in certain situations (Lewin and Barde, 1996; Davies, 1997 (Schuchardt et al, 1994; Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996) .
In limb preparations, developmental Wnt factor-mediated epithelial-mesenchymal interactions were recently found to end in local neurotrophin production (Patapoutian et al., 1999 Figure 2 . Sagittal sections of teeth from post-natal day 3 (P3), labeled by in situ hybridization with different 35S-labeled rot neurotrophin mRNA probes. Sections were photographed under dark-field illumination. (A) Upper jaw first and second molars; a well-demarcated NGF mRNA labeling is seen in the odontoblast layer and in the underlying dental papilla mesenchyme on the mesial surfaces (large arrows). Cells of the stratum intermedium contain labeling (small arrows). NGF mRNA labeling at P7 resembles that of P3. However, the labeling was stronger in both 1 st and 2nd molars, compared with earlier stages (not shown). (B) BDNF mRNA labeling is located above the midpart of the pulp tissue of the cusps in the first molar (arrows). In the second molar (which is in an earlier stage of development compared with the first molar), the labeling is more widespread in the dental papilla, although at lower levels compared with the first molar (not visible in this photomicrograph). (C) A thick band-like GDNF mRNA labeling is seen in both first and second upper jaw molars. The labeling extends to the subodontoblastic layer. Some labeling is also seen in the inner dental epithelium at fissure system depressions (small arrows). Modified from Nosrat et al. (1998) . During and after formation of a pulpal innervation, NGF is present in developing rat molar tooth pulps (Byers et al., 1990 , Mitsiadis et al., 1992 , Naftel et al., 1992 Nosrat et at., 1997b Nosrat et at., , 1998 . In the rat, NGF mRNA is expressed in the mandibular process first by mesenchymal cells at E13 and then by dental epithelial cells at E14. At later pre-natal stages, NGF mRNA is expressed by dental follicle cells, in close spatial relation to where nerve fibers occur (Figs I B, IC, 3A, 4A). Few NGF transcripts are present in the dental papilla at PI, but expression is higher in P4 and P7 teeth, particularly in the subodontoblastic region and the odontoblastema, coincident with the onset of nerve fiber ingrowth (Luukko et al., 1997a , Nosrat et al., 1997b .
These studies show that the expression of NGF mRNA correlates temporally and spatially with the growth of sensory trigeminal axons into developing tooth pulps (Figs. 2A, 3B, 4B) .
With respect to NGF-sensitive receptors, Luukko et al. (1996) did not find trkA mRNA in rat molar primordia at any developmental stage, but transcripts were seen in TG nerve cell bodies. They also reported that LANR mRNA transcripts first appear in E16 tooth germs at the time of the shift from the bud stage to the cap stage. LANR transcripts are present in the mesenchyme near the dental lamina and in Schwann cells of the trigeminal nerve. At E17, transcripts appear in dental papilla cells.
The presence of trkA receptors in neurons projecting to teeth offers a possibility for NGF to influence axon growth (McMahon et al., 1994; Luukko et al., 1996) . Several other studies have also concluded that NGF is crucial for pulpal nerve development (Byers et al., 1990 (Byers et al., , 1992 Mitsiadis et al., 1992 Mitsiadis et al., , 1993 Naftel et al., 1992 Naftel et al., , 1994 Qian and Naftel, 1996) . Treatment of neonatal rat pups with NGF antibodies reduces the amount of sensory axons in the dental papilla (Qian and Naftel, 1996) , and NGF knock-out mice are devoid of a pulpal innervation (Byers et al., 1997 (Foster et al., 1995) , and pulpal mesenchymal cells express mRNA for a truncated form of trkB (Luukko et al., 1996) . Interestingly, BDNF has been shown to be a targetinvading factor both in vivo (Ringstedt et al., 1999) and in vitro (Choi et al., 1998) . BDNF application to BDNF-responsive retinotectal nerve fibers leads to the formation of branch-like structures (Choi et al., 1998) , and ectopic expression of BDNF in a target tissue for BDNF-responsive nerve fibers changes the pattern of innervation (Ringstedt et al., 1999) . Thus, BDNF may influence the terminal axon branching pattern in the pulp. It has also been reported that BDNF can collapse growth cones of NT-3-sensitive rat TG neurons (Paves et al., 1994) (Luukko et al., 1997a; Nosrat et al., 1997b Nosrat et al., , 1998 (Figs Figure 3 . Schematic drawing of a lower jaw (U) first molar at two selected ages, illustrating the general neurotrophin, GDNF, and NTN mRNA expression patterns. (A) Neurotrophin mRNA expression at E21. NGF mRNA (green squares) is seen in the inner dental epithelium (ide) of the mesial cuspal surfaces, in low levels in the stratum intermedium (si) at fissure system depressions, and in dental follicle cells. Weak BDNF mRNA labeling (filled blue circles) is seen in inner dental epithelium at fissure system depressions, in mesenchymal cells in the cuspal dental papilla, and in dental follicle cells. A few labeled cells are also seen in the outer dental epithelium (ode). Strong NT-3 mRNA labeling (red stars) is seen in the cervical loop region (cl). NT-3 mRNA labeling is also seen in the inner dental epithelium at cuspal tips, in some dental papilla cells close to the inner dental epithelium, and in dental follicle cells. NT-4 mRNA labeling (pale yellow with stripes) is seen in the entire dental epithelium as well as in the dental lamina (dl). GDNF mRNA labeling is present in different structures of the developing teeth. These areas include inner and outer dental epithelium and the dental follicle. NTN mRNA (yellow) labeling is found in the dental follicle cells in the cervical part of the tooth germ. (B) Neurotrophin mRNA expression at P7. NGF mRNA labeling is seen in the odontoblast layer (strongest labeling on the mesial cuspal surfaces) and in the sub-odontoblast zone/cuspal pulp tissue. BDNF mRNA labeling is located mainly in the same areas as that for NGF, although the labeling is not as strong in the odontoblast layer at the mesial cuspal surfaces as for NGF. NT-3 mRNA labeling is below detection level. Weak NT-4 mRNA labeling is still observed in the inner dental epithelium. High levels of GDNF mRNA labeling are found in the odontoblast layer and extend into the underlying sub-odontoblast zone and the cuspal dental pulp, but NTN mRNA labeling is below the detection level. mht: mineralized hard tissue. Modified from Nosrat et al. (1998) with data from Luukko et al. (1998) included.
A. E21. 1st mandibular molar B. P7, 1st maniifflar molar Figure 4 . Schematic drawing of nerve fibers in association with the developing teeth at E21 and P7. (A) At E21, nerve fibers are found only within the dental follicle. Thus, no nerve fibers are found within the dental papilla proper. (B) At P7, nerve fibers are found in the midportion of the dental papilla, and within the dental follicle. Nerve fibers are also found among the odontoblasts of the cusps as well as in the pulpal parts of the fissure system depressions. present in dental papilla mesenchyme (Luukkoetal., 1996) There is at present no information available as to whether developing pulpal axons express trkC receptors. The expression of NT-4/5 in E 13-P7 rat tooth germs is limited to epithelial cells. By P4, transcripts are found in ameloblasts, in the outer enamel epithelium, and in the dental lamina. The inner dental epithelium of P7 molars and the proliferative zone of P7 incisors show a weak NT- 4/5 mRNA expression (Luukko et al., 1997a; Nosrat et al., 1997b Nosrat et al., , 1998 (Figs. IH, 11, 3A , 3B, 4A, 4B). As for relevant receptors, epithelial and mesenchymal parts of developing E14-P4 rat teeth express the truncated form of trkB, which binds NT-4/5 as well as BDNF (Luukko et cal., 1996) . Furthermore, as mentioned above, trkB-like immunoreactivity has been noted in pulpal axons in developing teeth (Foster et al., 1995) .
As discussed above, both NT-3 and NT-4/5 mRNA occur in early-developing teeth The fact that these moleCrit Rev Oral Biol Med3 13):318-332 (2000)cules are not found in the dental pulp at the time of axon ingrowth indicates that NT-3 and NT-4/5 are involved in odontogenesis per se rather than in the establishment of a pulpal innervation.
(e)ARE GDNF AND/OR NTN INVOLVED   IN THE CONTROL OF AXON GROWTH  TO THE DENTAL PAPILLA? The sub-odontoblastic presence of GDNF mRNA in embryonic and early post-natal rat molar pulps suggested that GDNF might be involved in the control of pulpal axon growth. GDNF mRNA is also present in the dental follicle when trigeminal axons approach it (Luukko et al., 1997c; Nosrat et al., 1996 Nosrat et al., , 1998 (Figs. 2C, 3A, 3B, 4A, 4B ). NTN transcripts occur in the dental epithelium during early tooth formation. NTN is also present in the dental papilla at cap and bell stages. At the late bell stage, NTN transcripts are present in dental follicle cells but not in tooth germs (Luukko et al., 1998) .
As for receptors, both RET and GFRox-I are expressed in tooth structures of embryonic and neonatal mice (Luukko et al., 1997c; Nosrat et al., 1997c) . At all stages examined, RET is limited to mesenchymal cells. GFRcx-is seen in epithelial parts pre-natally, and in mesenchymal cells post-natally. GFRa-2 is found in mesenchymal cells but not in the epithelium. It is also expressed by dental follicle cells and by cells in the periosteum of the developing mandibular bone (Luukko et al., 1997c) .
Theoretically, the fact that both RET and GFRY are expressed by rat TG neurons during formation of a pulpal innervation indicates that GDNF and NTN secreted from oral tissues could influence TG neurons. This is supported by the observation that these neurons take up and transport labeled GDNF injected into tooth pulps (Nosrat et al., 1997a) . The observation that TG neurons become responsive to exogenous NTN after the first trigeminal axons have reached their peripheral targets suggests that NTN is not involved in pulpal innervation (Davies, 1988; Nosrat et al., 1997c; Luukko et al., 1998) . Unfortunately, GDNF mutant mice die shortly after birth, before pulpal nerve ingrowth is initiated, and do not provide any information regarding the putative role of GDNF in tooth innervation. The fact that pre-natal tooth development appears to proceed normally in these animals indicates that GDNF is not necessary for odontogenesis (Granholm et al., 1997). (VIII) Other Growth Factors May Also Influence
Developing Tooth Nerves
In addition to the neurotrophic factors mentioned above, other growth or differentiation factors are expressed by developing tooth primordia at various stages. Some of these factors mediate epithelial-mesenchymal interactions. Some factors are expressed by neural cells or closely related cells, and may possibly participate in the formation of pulpal innervation. So far, however, the relation between pulpal innervation and growth factors outside the neurotrophin sphere has not been studied extensively and remains a field for future investigations. Some factors are particularly interesting, however.
The multifunctional cytokine transforming growth factor-D (TGF-f) is expressed by the dental epithelium at the early bud stage. Subsequently, it extends to the condensing mesenchyme and then persists in the dental papilla during ingrowth of nerve fibers (D'Souza et al., 1990; Vaahtokari et al., 1991) . Although TGF-3 alone does not support E8 chick dorsal root ganglion neurons in vitro, it does promote neuron survival significantly in combination with neurotrophins (Krieglstein and Unsicker, 1996) . Thus, the actions of neurotrophins on teeth and tooth nerves may be influenced by TGF-f. The bone morphogenetic proteins (BMPs), which form another family within the TGF-3 superfamily, influence bone formation in vertebrates and also participate in other developmental events. With respect to odontogenesis, BMP-2 and BMP-4 seem to influence the epithelial signaling that regulates gene expression in the dental mesenchyme (Vainio et al., 1993; Tucker et al., 1998 ; see further, Thesleff and Nieminen, 1996; Thesleff and Sharpe, 1997) . It seems that BMP-2, -4, or -7 may have a negative effect on the developing nervous system (Wilson and Hemmati-Brivanlou, 1995; Shou et al., 1999) . If so, they might suppress a neural fate of neural crest cells in the mandibular or maxillary domains. However, BMP-2 has neurotrophic effects in some situations (Iwasaki et al., 1996) . Thus, it cannot be excluded that BMPs secreted from dental mesenchyme (Heikinheimo, 1994) are involved in the control of axon growth to tooth pulps.
Hepatocyte growth factor (HGF), a pleiotropic factor involved in, e.g., epithelial morphogenesis, angiogenesis, and tumor invasion, acts via the Met tyrosine kinase receptor. The HGF/Met system is required for the development of sensory neurons during the embryonic period, probably by potentiating the neuronal response to specific signals (Maina and Klein, 1999) . Both HGF and its Met receptor are expressed in developing teeth, and they appear to be involved primarily in tooth morphogenesis (Tabata et al., 1996) . However, since the HGF gene is expressed by dental papilla cells, this growth factor might influence axon growth to the papilla.
Other growth factors of interest in this context are the insulin-like growth factors 1 and 2 (IGF-1 and IGF-2), platelet-derived growth factor (PDGF), and the family of fibroblast growth factors (FGFs). IGFs enhance sensory neuron survival and promote neurite outgrowth (see Ishii et al., 1994) . Together with PDGF, they may stimulate nerve regeneration (Wells et al., 1997) . IGFs are present in epithelial cells early in odontogenesis, but since they are absent from the dental papilla (Ayer-le Lievre et al., 1991), they are not likely to play any major neurotrophic and/or 326 Grit Rev Oral Biol Med (2000) neurotropic role in this organ.
PDGF is expressed by dental epit helial cells and in the adjacent ectomesenchyme, where it probably influences tooth development via an autocrine mechanism (Chai et al., 1998) . Whether or not PDGF has a role in the development of pulpal axons is unknown.
Many of the 9 members of the FGF family occur in developing teeth. The FGFs are thought to be involved in the initiation of tooth development and the regulation of tooth shape (Kettunen and Thesleff, 1998 ; see also Thesleff and Sharpe, 1997) . Although FGF-1 enhances neurite growth and stimulates neuronal cytoskeletal gene expression (Mohiuddin et aIl., 1996) (Obara and Takeda, 1993a,b) and LI (Luukko et a!_ 1i997b), laminin (Thesleff et al., 1981; Fried et al.! 1992 . Fristad et al. 1994 Sawada and Inoue, 1997) , tenascin (Thesleff et al., 1987) , fibronectin (Thesleff et al., 1981, Sawada and Inoue, 1997) , heparan sulphate proteoglycan iSawada and Inoue, 1997), and collagen type IV (Thesleff et al-1981 , Fried et al., 1992 Sawada and Inoue, 1997) . During odontogenesis, N-CAMI is expressed mainly by dental follicle cells. At later stages, when axons have already innervated the dental pulp, NI-CAM is also present in the pulpal core (Obara and Takeda, 1993a,b The ECM molecules seem to be involved in epithelial and mesenchymal cell support, positioning, and differentiation (see Ruch, 1987; Thesleff et al., 1995 Mitsiadis et al., 1995a) . Since both molecules are present in prospective tooth-bearing areas of the developing maxillary and mandibular processes, and since MK and HB-GAM are both expressed during tooth formation by cells in mesenchymal condensations and epithelial structures, it has been suggested that these molecules play specific roles during tooth morphogenesis (Mitsiadis et al., 1995a,b) . Both MK and HB-GAM occur in the CNS and the PNS of vertebrate embryos, where they take part in the regulation of neural morphogenesis, neural differentiation, and neurite outgrowth (Asai et al., 1997; Rauvala and Peng, 1997 Fried K (1984) . Structural development of the mental nerve. Anat Rec 210:347-355.
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